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BRIGHTNESS SENSATION IN INDIRECT VISION

A, Kirschmann

When a sensation stimulates the sight of the retina and 1is ZU4T
perceived, so that we 1ift it to the center of our attention, we
usually move the image of this objJect by appropriate motions of
the eye toward the Fovea centralis, the point of clearest vision.
However, it is not absolutely necessary that the external and in-
ternal "foel" always coincide. With a 1ittle praectice, 1t 1s easy
to direct one's attention at indirectly seen objects while keeping

the gye fixed on a previously chosen point.

The almost unconsclous use of lnd#rect vislon is much more
frequent. It is invaluable in achieving orientation in space, in
wadking and running, and in other bodily motions, but precisely be-
cause the seneations involved are just perceived and not "apperceived",
indirect vision is usually underrated. In many activities, indirect
vision is almost as important as direct vision, e.g. 1in painting
and drawing. If the eye is covered by a tube paidnted black on the
inside, wilth a small opening at the front, only the point of clearest
vision receives light, and 1t 1s 1nteresting to observe that one can
hardly orient oneself any longer after glancling around for a bit.

If the eye is covered in this fashion and an attempt is made to draw /U448
figures on a blackboard, the shapes produced are very distorted,
although the tipioflthe chalk can be seen very clearly and the ob-
served point can move along the lines Being drawn. However, if a

device 1s placed before the eye which prevents access of light to the
central fovea, but does not obstruct the rest of the retina, and even
though no obJject can be seen distinctly, it is still possible to

orient onesglf in space. Also, when attempts are made to draw simple
geométrical figures, the lines don't look very good and are often
broken, since the tip of thé chalk and 1ts immediate viecinity are in-

¥ Numbers in the margin indicate paginaticon in the foreigh text.



Nelther in reading do we operate: exclusively with direct wision.
We do not focus on each individual letter, as the correcter ought to
do. Instead the fixation point jumps from one word to next, and the
number of letters seen distinctly is just one, or in longer words,
at most twoe., The others are seen Indirectly, but still recognized.
When children learn to read, training the indirect vision plays an
essential role. This may explain why Véry mycple, but otherwise
quite intelligent children usually take mueh longer than children
with normal vision to learn to read smoothly. Since they must bring
the writing very close to the eyes, thé image of the words occupy
& much greater area on the retina, and only very small groups of
symbdds can be seen at a single time.

The fact that direct vision is not absolutely necessary for
reading can be deduced from the possibility of reading a line of a
book without fixing on it. With a little practice, 1t is possible to
read the second or even the third above or below that upon which the
eye is focused. It should be mentioned that the small German charac-
ters can be recognized tetter than the Latin letters 1n indirect vi%"}h
sion, while the Latin capltals cause less difficulty than German cap-
itals.

The importance of indirect vision must therefore not be underes-
timated. However, whlle we can take precise account of perceptions /449
triggered by stimulation of the center of the retina, we are usually
not very aware of perceptions received by the side of the retina, al-
though the sides contribute greatly in virtually all vistal activity.
Therefore, we do not quite realize the differences between direct and
indirect vislon, and it requires special effort to isclate the sensa-
tions produced by stimulation of the side of the retina and to focus
the conscious attention upon them. Consequently, it is very diffleult
to study indirect vision, and this results 1n a great temptation to
subscribe to the conventional viewpoint that sensitivity of the retina
generally decreases toward the periphery. Nevertheless, we will event-
ually show that this view is unjustified in a certain sense.



Two light sensations from identical physical sources but re-
celved on different sections of the retina. can differ in three ways:
1) in clarity, 7
2)3in quality of perception,
3) in intensity.

As for clarity, it certainly decreases toward the periphery be-
cause of the unfavorable refraction and accommodation conditions.
These do not seem to be the only causes, since observations on rabbit
eyes have shown that the retinal images have sharp contours in the
peripheral sections. Therefore, the lack of clarity of perception:
is best ascribed to the unegual distribution of perceiving terminal
organs, which are densest in the fovea centralis, but are spaced

farther apart toward the periphery.

Regarding the quality of perception, visual images on the side
of the retina experienced quite substantiﬁl modifications. It is -
well known that only the colors yellow and blue are perceived at some
distance from the center of the retina, while no colors attall are
recognized at greater distances. Only differences in brightness can /450
be perceived. Hence, the perceptlons supplled by the perpheral retina
are dnot as good as those of direct vision. However, here we ins
counter a peculiarity which is in complete conflict the simple as-
sumption that sensitivity to light decreases toward the pergphery.

The changes undergone by colors in indirect vision are qulte differ-
ent from those caused by a reduction in objective brightness. The
third of the possible differences, namely intensity, is the one which
we will deal with in some detail below.

! Now with regard to the objective bright-
ness of the retlinal image, it 1s easy to see

. that it must gradually decrease from the cen-
ter toward the periphery. If a, b, ¢, and d

'; in Filg. 1 are luminous points of equal bright-

ness and all equally distant from the center
m of the pupll, the amount of light reaching



the interior of the eye from each of the points 1s obviously measured
by the vertex angle of the cone with the pupll as the base and the
luminous point as the vertex. Even when the light source 1is only a
moderate distance away, the diameter of the pupil is much smallér

than the side ‘of the come, so that the basé ¢f the cone can be re-
placed by a planar cross section at right angles to the central line
of the cone. As a simple calculation shows, howéver, these elliptical
cross sections are roughly proportional to thé cosine of the angle of
incidence of the light. Théreforé, thé decrease in objective bright-
ness of the retinal images can be represented by a line very close

to a section of the cosine curve. (Strictly speaking, the line co-
incides with the cosine curve only when the luninous points are in-
finitely remote; 1n every other case, the line deplecting the bright- Lﬂil
ness decrease has a somewhat greater curvature than the cosine curve.)

The fact that the retinal 1mages on the periphery are actually
dimmer 1s confirmed by the followlng simple experiment. If a very
bright light source is placed in front-of the eye, the pupll contracts.
If the angle of incidente on the eye produced by the light source is
Increased, while the dilstance of the light scurce from the eye remains
constant, the puplil again expands, and the greater the angle of 1n-
cidence, the greater the increase. The reflection-induced innerva?ion
of the sphincter pupillae 1s less in the second case, and since the
intensity of Innervation depends on the magnitude of the stimulus,
we may conclude that the stimulus as well was less, in other words,

the retinal #mage was dimmer.

At this point, we should draw the reader's attention to the fact
that it is highly unlikely that the unequal distribution of the cones
and rods constituting the receiving terminal organs, which certainly
must affect the clarity of perception; would also influence the in-
tensity of sensation. We rill out the space between the individual
nerve elements with the sensation transmitted by the latter, regardless
of ~“whether the infervening space is large or small, as 1is adequately
demonstrated by the well-known filling out of the blind spot. If

Y



we generate a printed figure at the edge of the retina, 1t has the
form depicted in Fig. 2. It appears bright against a dark background,
and dark against a Bright background. If the printéd figure is of
considerable sizé; the space around g‘appéars dark dndan illuminated
fleld of vision; if the filgure i1s smaller, the aréa around a is seen
as bright, and the line xy corresponding to the periphery of the
retina 1s percétved. BEHence, in this case, we even fill out the space
beyond the boundary of the recelving organ with the sensasion pre-
valling in the surroundings. The difference in number and arrangezc/452
ment of rods and cones in the peripheral reglons can

a therefore influence the sharpness of the ﬁsubjecﬁive)

image, but cannot change the sensation of brightness.

Having established t&hat the objective brightness of

¥ the retinal image deereases teward the periphery, we
must now ask whether this obJective deerease in intensity

Fig. 2 corresponds to a parallel change in perception.

If the retina were equally sensitive at all points,
the light sensation produced by an object would have to decrease in
intensity when the object was moved away from the center of the field
of vision, while remaining equally distant from the eye. An evenly
illuminated surface would therefore have to appear brightest at the
point upon which the eye was fixed; toward the sides, its brightness
would have to apparently decrease. However, this 1s not at all the
case. Instead, a uniformly illuminated surface actually loocks like
one to us, and we do not have the impression that the field of vision
was darkening toward the periphery. Shifting an object out of the
center of the field of vision always changes the clarity of the
image, and can sometimes change the quality of the sensation, but
never glives rise to a marked change in subjective brightness. While
the color of indireectly viewed objects seems different, and the ob-
jects are less clear in outline and depth perception, they still seem
to have the same brightness as when they were viewed directly.



This canncot be attributed to fatigue phenomena,. .’ as was done by
Charpentier [2] and others, supposing that the central part of the
retina arrives at a state of fatigue because of its continuous ex-
posure, uniike thé less exhausted regions, so that this phenomenon
would compensate to a certain extent for thé décrease in brightness
toward the periphery. As explained abové, we de émploy the side
of the retina just as continuously as we do the central part; we /53
are just not as consclous of this utilization. The images provilded
by the fovea centralis are consclously registered, while the sensations
triggered by the activity of the periphéral retina are generally regis-
tered unconseiously. However, the retina 1s not responsible for this
difference; 1f the restriction of conscidous perception to the center
of the retina really caused fatigue at the point of most acute vision,
the fatigue would have to stop and the opposite state commence during
experiments in which the attention is directed at indirectly viewed
objects for some time. However, not the slightest indication of such
a change has been observed.

It might also be objecteéd - that a type of illusion occurs, so
that images on the periphery of the retina have lower objectiver and
subjective brightness, but that we are accustomed to seeing things
as we know them to be, and thus have the tendency to smooth out bright-
ness differences between direct and 1lndlrect vision due to the nature
of our eye. In my opinion, thls obJection is clearly refuted by
Aubert'!'s experiments [3] to determine the stimulus threshold. In a
completely dark room and with a sufficiently adapted eye, Aubert
observed a thin platinum wire, which could be made incandescent by
electrical current. The lowest perceptible brightness of the wire
he estimated to be 1/300 of the brightness of the full moon. When
Aubert d4id not look directly at the wire, it remained visible due
to indirect vision on the entire retina, even though it was Just
preceptible 1in central fixation. There 1s only one possible explana-
tion: for the periphery, where the retinal image is actually much
dimmer, as was explained, the stimulus does not have to be as strong

in order to produce the same intensity of perception. In other



words, the periphery of the retina is more sensitive to the light

than the center. Aubert did not draw these conclusions from his = /454
observations, but attempted to explain it by "differing adaptation
states in the central and peripheral régions of the retina."

Having discovered that the decréasé in ijéctive brightness of
the retinal 1mage on the périphéry dué to the optical equipment of
the eye is more or less compensated for by an increased sensitivity
of the organsiof indirect ¥ision, we I now éncounter the question &f

the degree of this compensation.

We saw earlier that the objective intensity decrease of the
retinal image can be illustrated by a curve similar to the cosine.
In Fig. 3, the angle of incidente is the abscissa in an orthogonal
coordinate system, and the associated intensity of the retinal image
is the ordinate. The curves PQ thus represents the decrease in
brightness. If we also had the curve of increasing sensitivity, a

sultable combination of the two

/] : curves would have to yaeéld the
rd

'\ actual behavior of brightness per-
ception in indirect visdon. How-

- : \  ever, since one of the components

has to do with stimuli, while the

other has tc do with perceptilon,

\

/

X\
/

we have no right to combine the
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| \\\ o f a curve whleh was constructed so

that, if its ordinate were added
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Fig. 3

to the corresponding one of the
curve PQ, the result would be the
same as that obtalned from a sult-
able combinatdon 6f the actual
sensitivity curve with PQ. If the decrease in objective brightness
is to be precisely counterbalanced by increased sensltivity, then,



since in this case the resultant representing the constant bright-
ness effect over the entire retlna would have to be dépicted by the
straight line PS, the line substituted for the actual sensitivity
curve would have to be PR. The ordlnates of this curvé are related
to the corresponding values of PQ by the ratioc 1 - y:y. Only then
whkill the obJective brightness decreasé be nullified by the increase
in sensitivity. ©On the other hand, if the curvecPR follows a dif-
ferenct course, the resultant will no longér be ahhorizontal straight
line; i.e. brightness perception for a given object will differ at
different points on the retina. It is very unlikely that the increase
in sensitivity toward the periphery is precisely reflected by the
curve PR. In every other case, the resultant differs more or less
from P8. If the line representing the sensitivity lncrease has a
lower curvature or is even a straight line intersecting the line PR,
the resultant will be a curve line above PS. Accordingly, it would
bellikely that the sensitivity to intensitfes on the peripheral
regions of the retina would be even greater than the compensation
mentioned above, so that objects seen through parts surrounding the
fovea centralis would have to look brighter than these percelved
through the center 1tself. However, I will now attempt to demonstrate
that this actually is the case.

1) It is a well-known fact, that very fairt stars can be seen bef-
ter by indirect vision than by fixatilon. Some astronomers make /456
practical use of this pecullarity, by intentionally seeking dim ob-
jects with the periphery of the retina. If the gradual appearance
of stars at twhlight is observed, one will usually not see them flrst
in the center of the field of vision; they stand out best in indirect
vision, and frequently a faint star will disappear when the attempt 1is
made to fix upon it. The effects can only be explained by a greater
sengitivity of the peripheral retina. '

2) Slight nonuniformities in brightness and color on otherwise
homogeneous surfaces and small rough” spots on polished surfaces
(the latter because of the distribution of 1light ard shadow) are



detected better by indirect vision thdn by direct vision. If a spot
of ink i1s covered with several shéets of translucent paper, 1t is
easy to arrange it so that thé spot will just disappear for central
fixation, while it still can be faintly preceived by the side of

the retina.

3) A similar effect can bé obsérvéd in well-known experiments
with Masson'sddisc. The white disc has on it a black line running in
the radial direction and broken séveral timés. If the disc 1s rotated,
grey rings are procduced, thé dnterior rings being darker than the
outer ones, since the black portion covers a larger angle. Therout-
er rings become fainter and fainter toward the edge, and finally be-
come completely invisible. This apparatus is frequently used to de-
termine the discrimination threshold. Helmholtz [4] observed that
the outer rings could be seen more clearly in these experiments if
one did not fix upon - them but instead let ones_glancé travel over the
surrounding area. This is clear evidence for heightened light sensi-

tivity in the retinal periphétry.

4) After 1mages are usually more distinct on the peripherszl’
retinal than on the center. The best way to convince oneself of this
ia gs follows. Two identical bright objects on a dark background ZEEZ
( or vige versa), some distance from one another, are viewed, one di-
rectly énd the other indirectly. The afterimage of the obJect viewed

indirectly will be found to be livelier and of longer duration.

If should be remarked that the after effects of light persist
beyond the point at which the afterimage 1s no longer seen with eyes
hekiopmmxior;%losed. Even when no trace of an afterimage c¢an be de-
tected any longer with the eyes opened or clog8ed, the éfterimagé”-can
be regenerated, in surprising intensity, by blinking, 1l.e. by rapidly
opening and closing the eye. The afterimage 1s negatlve when the eye
is open and positive when 1t is closed, but of very short duration in
both cases, so that a persistént afterimage can be created only by
very rapid blinking. In this way, already extinguished afterimages.
can be revived. In some cases, afterimageé which disappeared -



several minutes earlier can be recreated in this fashion. Accordingly,
a peculiar state of "excitation inertia" appears to pérsist in the
intensely illuminatéd parts of the retina for some time after the
stimulus has ceased, judgling by the fatigﬁe of the retina indicated

by the appearance of the negative aftérimage; As a consequence of

this "inertia", the gerceiving elements:of the exclted points do not
appear to switch back and forth between exgcitation and nonexeitation

as fast as the surrounding reglons. When the eye is closed, these
elements darken later than the surrounding ones, and a positive after-
image 1s retained for a moment. Whén thé éye is opéned, on the other
hand, they are excited somewhat later than the other ones by the

rays entering the eye from the background, thus creating a hegative
afterimage. It is not absolutely necessary that the alternation

of light and darkness be produced by opening and closing the eyelids;
the interruption can also be prcduced by a moderately rapidly rota- /458
ting episcotister. It 1s now easy to observe that these afterimages

are produced more easily on the retinal periphery, and seem more lively;
there is good reason to believe that the maximum of brightness sen-
sitivity is in the periphery and not at the center of the retina.

5) The following experiment again demonstrates the higher sensi-
tivity of the Peripheral retina. If a bright object, such as a white
cardboard disc, is viewed through a set of grey glasses —- or prefer-
ably, colored ones, arranged so that together, they transmit only
colorless light -- it is easy to choose the number and arrangement of
glasses 5o that the object Just disappears when fixed centrally; 1l.e.
the small amount of light passing from it through the glasses infto the
eye 1s below the stimulus threshold. However, glancing to one:' side
will cause the_disc to reappear in indirect wvision; evlidence that the
point on the retina now used does not need as great a stimulus in

order to be excited.

6) Lastly, we should also remark that changes undergone by colors
in indirect vision are not at all analogous to those induced in direct

vision by reduction of brightness, but instead exhlblt certain

10



similarities with the modifications in quallty of light observed in
direct vislon when fthe intensity 1s raiséd. When the brightness is
reduced (as at twilight), red becomes déép black, while in indirect
vision it turns to orange, and remains roughly thé same whéther viewed
against a dark or bright background. Néutral violet becomes grey when
the brightness 1s even moderatély réduced, while it appears blue in
indirect vision.

These manifestations aroused in me the desired %o determine more
accurately the sensitivity of varilous parts of thé retina by means of
experiment. An added stimulus was the diversity of opinion on thils 'ZEQQ
topie. While Charpentier and Aubert, along with most astronomers,
assumed that light sensitivity was the same at all points of the retina
and just changed in time by fatigue manifestations, other re-
searchers even claimed that the center of the retina was more sSensi-
tive to ~light [4]. Schadow was the only one to study some points on
the horizontal meridian and to find higher light sensitivity at the
periphery ([5], p. 439 ff. Cf. Addendum  for recent experiments of
E. A. Fiek). My work in the psychological seminar at Leipzig offered’
me an excellent chance to conduct the following investigation, since
Prof. Wundt provided me with the space and equipment for the experiment
and gave me very good advice. T will first déscribe the arrangement

of the experiments.

Tt was explalned above that the inereased sensitivity of the peri-
pheral retina not only counterbalanced the decrease 1n objective
brightness of retinal images due to physical [geometrical] causes,
but also brought about a state in which images on the peripheral re-
gions had a higher intensity than those in the center, even subjec-
tively. To determine this subjéctive increase in brightness guantlta-
tively, a number of experiments using rotating discs were organized.
These discs were made of cardboard and consisted of movable black and
white sectors. Be shifting them, any stage of brightness between the
white of the cardboard and the black dye (Paris Black) could be

11



produced. The ratlo of the brightness of the latter dye {whieh appears
most suitable of all the black pigments for producing grey shades, be-
cause of 1ts darkness ) to the'intensity.of the white cardboard was found
photometrically to be 1:66.

Diffuse daylight was used for 1llumination. The use of artifi-i/460
cial 1llumination was rejected for two reasons: first to obtailn
illumination as colorless as possible (since, h1coloredilight, the re-
duction of -colors toward the periphery of the retina would interfere
with a pure measurement of brightness sensitivity), and secondly to
conduct the experiments under conditions as close as possible to the

natural ones for using our organs of vision.

The experiments were carried out in a room with painted grey walls,
which were lighted by three windows looking out onto a yard surrounded
in turn by more or less colorless walls. The wall opposite the win-
dows served as the background. The window shades were pulled down
far enough to ensure that neither the observed object nor the back-
ground could receive direct light from the blue sky or from bright
clouds.

The discs were attached to two rotating motors on a table sSome
distance away from the evenly illuminated grey wall. In the experiments
for the horizontal meridian of the eye, the motors were simply shifted
along a straight line parallel to the background. (The unavoidable
change in the apparent size of the object 1s quite small, since the
observations were restricted to an angle of 30°, and cannot interfere
with the experiment, since the size of the object is not of direct con-
cern in this case.) Black silk threads were fastened to the base of
the rotors, directly below the center of the discs. On the table of
the observer, these threads crossed on a sharp vertical edge above
the center of a protractor. Since the eye of the observer was at the
same height as the center of the discs and was vertically above the
vertex of the angle formed by the two threads, the angle between the
objects in the field of vision could be read directly off the pro-
tractor. In experiments on vertical and slanted meridiansgone of

12



the rotors was attached Jto an iron support on which it could be
moved, and the angle between the objects was then determined trigo-
nometrically. /461

s

The procedure in these experiments was as follows: the ob-
server closed oneieye and fixed the other on the center of one of
the two discs, focusing his attention on the indirectly viewed disc
in order to compare the brightnesses. If the two discs were objec-
tively identical, the one seen indirectly appeared brighter; then,
the black part of the latter was 'inc}eased until the brightnesses
were subjectively the same. Since I went through this experiment
with my own eyes, I usually did not start from the point of objective
equalify, but instead from an intensity which was too great or too
small, and then changed the dark areas, without reading the size of
the change in degrees (the degree scale ws‘attached to the bhack of the
disecs), until subjectlive equality was obtained. In this case,
naturally, the point of just-notlceable difference in elther direction
was asdertained and the arithmetic mean taken from these two values.

Before and after each experiment (i.e. for each change in the
position of the devices), the disecs were checked for subjective
equality with identical sector settings, in order to keep track of
the 1llumination. If, with both eyes, a point exactly halfway between
the two objects was fixed, both discs should appear equally bright
subjectively, as long as the 11lumination was uniform and the discs

had the same objective setting.

The observer was 1.5 m from the fixed disc. The discs could not
always be kept at the same distance from the background, since that
was what regulated the relative brightness of the background. Namely,
the discs were always placed so that the background had a brightness
corresponding to a grey on the discs composed of 90° white and 270°
black. In order to avoid detrimental contrast effects, it would be
best to keep the relative brightness of the background as constant
as possible; nevertheless the insignificant changes in distance be-
tween the wall and the discs occasioned by this * procedure could have

13



no appreciable influence on the estimation. In order to éliminate

the possibility of high fatigue, the number of successive experiments

was limited. There were no restrictions on eye movements between

the individual observations. Since the observer had his back to

the windows, this eliminated the possibility of interfering after-

images, caused by conspicuous bright or dark objects in the room,
as well as detprimental contrast effects of secondary type. Before
each observation, care was take to énsure that no afterimages of
the disc had been retained from a preceding experiment, the pre-
sence of which was easy to confirm by glancing around at the grey
background.

TABLE I.

BACKGROUND = 270b + 90w; C = 180w + 180b.
DIAMETER OF THE DISCS 20 cm. DISTANCE FRCOM EYE 1.50 m.

Right Eye !
Outward !_Inﬁard“-

el sl g |y S
Tae | 112 sy | 1015 172 3 | 1.045

Ty | 168 ].,,‘_5_ 1071|168 | o [ 1078

10, | 165.] ;i | 1.088 1 165 | - i 1,088

ts | 157 | = L) e | L1121 !

2 | 153 | o [L170 f 156 | =1 | 1.149 |
' Left Eye
x Cutward- a Inward
hmqrg 7+ |5 § ) | TS

50 | 133 | oo [1.089) 174 | - {1,083
F_;;;:i- 168 | e | 1.018] 170 T%E 1,057

10 | 162 | - 1,107 165 | - [1.088

1
0.3
B

15 1 158 | 2 iasad 161

3 1.114

90 | 152 | -:. {1.t18] 157

5T HA Y
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TABLE II. _
BACKGROUND = 270 b + 90 w. C = 150 w + 2101b.

Right Eye
Outward ) | Inward
o 7 |2 2] 5]
Foreaae [ <L 1ot0]) 104 'j%TAZRE?
o | o | L e 13 | D | rest
121/, ‘133 -+ ;.lzoi 135 F%T 1,107
151 12 | oy Lol 132 | L |1t
20 | 118 — 1ol s | - 1,164
25 125 755- 1.101
. o :
‘Left Eye- !
|
f Outward _ Inwa:d ' ’
A R
. . i i
I Em B ECT (VTR ey S k7 k
10 | 140 .§§€__"°6;. 138 | - 1,084 |
2y | 135 | ok Lmﬂ 135 .;_ﬁﬁw
15 | 128 e RO BEL S g B

8
g0 | 1o | - 1m0y 20| Lo {1136

-
.
——

25 - 17 | L El.i73

In the attached tables, the first cclumn represents the angle éﬁgg
between the objects in the field of vision. The second column, headed
by J, 1s the sec¢tor ratio. For simplicity, only the size of the
white sector is given, from which it 1s easy to determine the angle
of the black sector (= 360° - J). C represents the constant, fixed
disc, while J represents the one viewedi.indirectly, the brightness of
which is changed until subjective equality is achieved. The fraction
C/J in the last column can be considered a direct measure of the
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TABLE III.
BACKGROUND = 90 w + 270 b. C = 120 w + 240 b.
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sensitivity of the retinal point concerned. A more illuminating
parameter is the ratlo (€ -~ J)/C shown in the third column, which
shows the fraction of the brightness of the fixed disc which the
one viewed indirectly can give up and still appear just as bright
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o TABLE IV.
BACKGROUND = 270 b + 90 w. C = 180 w + 180 b. DISTANCE 1.50 m;
DIAMETER OF DISCS 13 cm.
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as the one viewed directly.

Lo In the expériments listed in Tables I and II, I used two discs
20 em in diameter, while smaller discs about 13 cm in diameter were
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TABLE V-A.

BACKGROUND = 90 w + 270 b; C = 270 w + 90 b; DISTANCE 1.50 m.

DIAMETER OF DISCS 13 cm.
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used in dater experiments.

were never larger than 25°. While further observatlons were made,

they seemed too uncertain to includé in the tables. In general,
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TABLE V-B.

BACKGROUND = 90 w + 270 by C = 270 w + 90 b. DISTANCE 1.50 m.

DIAMETER OF DISCS 13 cm.
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it seemed

above 25°

as if sensitivity to brightness began to decrease again
s0 that the maximum of brightness sensitivity on the hori-

zontal meridian appears to be about 22°225° from the center, and this
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: TABLE VI.
BACKGROUND = 270° + 90 w. C = 330 w + 30 b. DISTANCE 1.50 m.
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was confirmed by further experiments (Tables IV, V, and VI}.

Once:: expéfiments I through III had shown that the sensitivity
to colorless light actually does increase toward the pefiphery,rit
became necessary to study this change in the direction of fthe vertilcal
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meridian as well. Therefore, in Table IV results are shown for ob-
servations in the vertical direction. The terms "outwards", "inwards,"
"top", and "bottom" refer to the retina 1tself, and not to the field
of vision, @ a notation to be retainéd in later series. The

fact that the angles on the vertical meridian were given 1n degrees
and minutes is due to the fact that the angles were measured trigo-
nometrically, and no longer by the protractor. A surprising result
was obtained from these experiments, namely that the increase in
brightness both upward and downward was far less than that in the
direction of the horizontal meridian. The experiments could not be
extended beyond an angle of 15° toward the top and bottom, since 1t
was nc¢ longer possible to reach a reliable verdict at greater angles;
the sensitivity did not continue to increase, instead . appearing to
decrease slightly, so that the maximum sensitivity is probably at about
12-15°.

v+ In Table V, studles on the horizontal and vertical meridian are
supplemented by an investigation of the meridian inclined at 459,
In order to conduct these experiments as accurately as possible, a
cross hairs corresponding to the meridian directions was attached to
the background wall; these rotors were then shifted so that the
centers of the discs, seen from the point of fhe observer's eye always
coinclided with the cross hairs. The subtended angle had to be kept
calculated in these experiments as well, since only the linear separa-

tion could be measured directly.

In Flg. 4, which goes with Table V, I have tried to illustrate /475

the situation. The diagram represents a central projection of the

field of vision of both eyes on the pilane. The upper half of the

circles corresponds to the lower half of the retina, and other half

of the projection to the nasal side of the eye, etc., as indicated

by the accompanying letters (a = outside, i = inside, v = top, u =
bottom}. Points of equal sensitivity on the four meridians studied

were connected by lines. This connection was made by curves, and not

straight lines, because the latter method would result 1in very:
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distorted figures because of the small number of meridians investi-
gated. This would have diminished the clarity of the diagrams wlthout
coming any closer to the truth than our interpolation with arcs.

Fig. 4.

The inner c¢ircle designates the polnts on the retina with a
gsensitivity equal to 1.018 (C/J) according to the tables; the second
closed curve corresponds to a sensitivity of 1.03; and the third to
1.046. The fourth curve is no longer closed, since the lower parts
of the retina do not attaln this sensitivity. The corresponding 'éﬁlﬁ
equlvalents are missing on both the ftop and the bottom for the suc-
ceeding curves, so that the curve 1s broken 1into two separate parts.
The direction of these segments is noteworthy, since if they were
extrapolated, they would intersect the vertical meridian at points
which obviously did not have the same sensistivity as the correspond-
ing parts on the other two meridians. If the maximum points on all
meridians, regardless of magnitude, are linked up, the result is a

more or less elliptical curve (not drawn in any diagram),

From the projection it can be seen that the increase in sengi-
tivity in the horizontal directlon is much greater than that in the
vertical, and that the sensitivity of the upper half of the rétina
rises faster than that of the lower half. This situation is quite
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consistent with the actual requirements of our organs of vision, and
can therefore be viewed as altogether appropriate and probably

achleved by self-regulation of visual processes.

The position of objects in space, with which we are dealing and
to which we must direct our attention,-implies that the indirect visual
sensatlons received by the sides of the retina will be more important
for us than indirect vision with the upper and lower regions. And
furthermore, with regard to the different sections of the vertical
meridian, it is easy to see that the limportance of the lower half
will be subordinate to that of the upper half. When we are looking
straight ahead during work or motion, there will be a . large number
of objects below the horizon to keep 1n mind, although not to fix upon;
above the horizon, on the other hand, there will usually be only remote
objects, extended by areas such as the sky, or the bright celling of
a room. Therefore, 1f those parts of the retina which correspond:
to these usually bright parts of the fleld of vision were equipped
with a sensitivity - similar to that of the horizontal meridian, which
appeared appropriate in that case, it would therefore just interfere
in the function of the sense of sight.

At first glance, it must appear very pecullar and contradictory ZEZ&
that the wvalues for the sensitivity of the points on the retinas stu-
died were not the same for the different factor ratios employed. Aé
a summary, I have collected the maximum of the sensitivit?es for the
horizontal meridian in Table VII. It is true that the maximum sensi-
tivity always occurs 20-25° away from the center, but if the discs
were not as bright, so that the difference between background and
disc was not as great as when the infensity of the discs was higher,
the sensitivity obviously appears fo be relatively larger. At first
glance, this appears to be a direct contradietion. However, it should
be kept in mind that the background affects the sides differently
from the central part. Since the background is a contilnuocus surface,
we are not aware of the gradual transition to moré'intense'sensation,

just as we think we are seeing the entire surface red when we look at
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TABLE VII
TABULATION OF BRIGHTNESS MAXIMA FROM SERIES II THROUGH VI.
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1) Background = 270 b + 90 w = 17 1/4 (b = 13 w = 66).
a large uniform red surface, although in fact most of the retina cén—
not detect red at all. However, if the continuity of the surface is
disrupted, .we immediately notice that the parts seen indirectly Jjust
appear yellow. The fact that this brightness relationship is reversed
when the discs are darker when the background is evidence that a simil-
lar effect occurs in brightness perception, namely that a uniformly
illuminated background exerts a stronger influence on the side of the
retina, but. the change is not large and abrupt enough to be noticed.
For instance, an experiment was conducted with two l1dentical completely

24



black discs, and the one not fixed upon appeared conslderably darker.
At the outset, I did not rule out thé’possibility of an illusiocn,

I had quite impartial persons, who wéré not informed about the organ-
ization and purpose of thé studies, make the same observations; they
had exactly the same sensation: the indirectly seen disc was thought ggzg
to be darker. This can only be a consequence of the fépt that the
background appears brighter 1n indirect vision, so thatfthe black

of the indirectly viewed disc {= 1/66 white) 1s darkened more by
contrast than the fixed cne. An attempt to measure the degree of

thls darkening for specific separations had tc be abandoned, since

the addition of white which would have been necéssary in order to
restore subjective equality proved to be too small to be measured

with our devices. If the background and discs were equal in bright-
ness, the indirectly seen disc was nevertheless considered "brighter",
8ince the discs could not be made to blend completely into the back-
ground, perhaps because of extremely small color differences or for
undetermined reasons. Again, of course, quantitative determination

was not feasible.

Judging from what has been said already, it is virtually certain
that the contrast brought about by the background played an essential
role in the other series as well. When the maxima recorded in Series
VI are compared, a constant increase in sensitivity paralleling the
decrease 1n absolute brightness is found, and thls can only be explalined
as an effect of the contrast between the objects and the background.

As was demonstrated in the experiments of Lehmann [6], the brightness
contrast does not increase without limit: .as: a" function of the
difference between the contrasting intensities, but reaches a maximum
at a certain median brightness difference. Consequently, a very bright
disec, e.g. a totally white one can no longer produce such a vivid
contrast as one which is less bright. Assuming that the laws esta-ii
blished by Lehmann and Nelglick for brightness contrast also apply

to the side of the retina, 1t is easy to see that whéﬁ thé brightness
difference bétWéén the background and the object 1s less than the dif-

ference corresponding to the maximum contrast, the conditlons for
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maximum contrast brightening must be more favorable for the indirectly
viewed disc than for the fixed one. On the other hand, oncer the /480
maximum difference has been exceedéd, thé central disc will have a
distinct advantage. This 1s then the explanation for the fact that
the experiments with brighter discs yielded lower values for bright-
ness sensitivity, inasmuch as the contrast counteracted it, while
it promoted it in experiments with darkér discs. However, the tempta-
tion to apply Lehmann's values to our experiments must be resisted,
for the following reasons: first, we cannot a priori assume that

the maximum differences from Lehmann are also valid for the side of
the retina; moreover, Lehmann's experiments were conducted by

yellow lamplight, while mine were carried out in daylight. Finally,
there is a purely psychological factor which must not be ignored in
all contrast judgments in my opinion: the comparison with objects

unrelated to the experiment but nevertheless in the field of vision.

As mentioned earlier, contrast is greatest at a moderate bright-
ness. If the brightness 1s increased, the contrast drops off, since
the brightening of an object which is already very bright anyway can-
not be very substantial. In a certain sense, the intensity to be
judged approaches a brightness maximum at which no contrast brighten-
ing at all is possible. However, this brightness maximum is not an
absolute one, but determined by the surroundings of the obgerver,
so that the brightest object in the fileld of vision tend to repre-
sent the applicable brightness maximum or at least approach it very
closely. It is this circumstance which makes it so easy for us to
pelieve ourselves in a real situation when viewing pictures, panoramas,
transparent stereoscopes, etc. Even when brightly illuminated, a
painted black wall looks black to us. However, if we look at it
through a tube painted black on the inside, it no longer appears
black; in fact, if we do not know it 1s a "black™ wall, it can even
give the impression of white. Contrast - plays only a minor role in/481
this effect, the latter being due primarily to the above mentioned
property of our sénse of sight, namely that Wé' construct a type of
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brightness maximum based on the Intensities of colorless light
present in our field of vision, and this brightness maximum places
limits on the brightening due to contrast. A sheet of white paper
or a painted white wall aré usually so close to the brightness max-
imum that we cannot bring about appreciable brighténing of these
objects by any kind of contrast effect. If, however, near the white
wall or paper, there i1s freshly fallen snow, which presents a much
brighter and purer white to the eye than paper or paint, the latter
will experience contrast brightening, since we have now shifted

our own brightness maximum by a considerable amount. A similar
situation prevails in the assessment of saturation and purity of
color. A pigment can make an impression of great saturation and
purity in our eye as long as the same color in greater saturation
and more complete purity ‘ is not avalilable nearby as a comparilson.
In the latter case, the original pigment will appear displaced to
lower rung on the ladder of purity and saturation, " at whieh point
it can again be raised by contrast, although this could not occur

without the existence of the compariscn.

In the present case, this effect, which is based on purely
psychological processes and must be distinguished from adaptation
due to physiological conditions, has the result that in experiments
with very bright discs (270 w + 90 b and 330 w + 30 b) the brighten-
ing could not be very great (strict attention was paid to keeping
brighter objects out of the field of vision); its effect was less
on the peripheral retina, where the subjective brightness was greater,
than in the center of the field of vision. Hence, 8eries V and VI
were those least affected by contrast, and the numbers found in
these experiments should be closest to the actual values for bright-
ness sensitivity, while the high values in Series I, II, and III are
probably the consequence of intensification due to contrast. For iﬂﬁg
this reason, the experiments in Series V were carried out on four
different meridians, Hence, Series V seemed to bé the most suitable

for a graphic representation, as given in Fig. 4. However, it should
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not be forgotten that the influence of contrast can never be completely
eliminated 1in experiments dealing with differences with intensity.:-

At thls point, it should also be mentioned that shifting the
intericr fixation point, as would have béén expected, did not cause
the pupil to dilate or contract. This was established by several ex-
periments using the phacoscope, conductéd with the ald of Dr. Kilpe,
the assistant of the Psychological Institute assisting me with valuable
advice and support in the studies. The eye of the observer looked
toward a rectagular opening, roughly 1 square inch in area, through
whieh shown the light of a lamp. By drawing back a slide, a bright
point was made visible in the side of the field of vision, a point
which was so small that its brightness did not add significantly to
the amount of light coming through the slit to the eye. Its sudden
appearance caused the observer to shift his attention toward this
point in the field of wvision. Neither at the moment at which this
occurred, nor later, could Dr. Kilpe detect any change in pupil wildth in
my eye. I then repeated the experiment on Dr. Killpe's eye, with the
same result. Not even the slightest change in size or position of
cornea and lens images could be discovered either. Thus, there is
no reason to fear that the results of the above 1nvestigatims might
be impaired by neglecting some change in the eye's equlipment for re-
gulating the admission of light and of accommodation.
/483

was also employed as an experiment; the uncertalnty of the estimate

In the studles on the verical meridian, blnocular observation

inereased in striking fashion. An interestlng phenomenon, which should
not be ‘omlttéd from this discussion, occurred during binocular ob-
servation when the discs were about 30-40 cm apart. The indirectly
viewed objects sometimes disappeared, so completely that the observer
thought he saw only the background. This disappearance became even
more mysterious when 1t was found that monocular observation did not

give rise to any such effect, even when the discs were further apart.

Therefore, I attempted to determine thé duration of the disappear-

ance using a pressure chronometer giving readings accurate to within
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1/5 sec. When several series of ten experiments each were conducted,

I found that the period of disappearance lasted for 1.1—1ﬂ2 seconds

in the upper field of vision, and 1.6-1.8 seconds in the lower field
of vision. The intervals between the different interruptions appeared

to be gulte irregular,

Professcor Wundt, whom I informéd of this phenomenon, explained
it in the following fashion: ' - with the given arrangement of
the objects and the given position of the eyes, the indirectly viewed
disc is not located in the horopter, so that the images will not co-
incide completely. Hence, there will be transition zories on either
side of the image (in a transition zone, one eye will see the back-
ground and the other the dlsec) which facilitate blending in wilth
the background, while the continuing (although unconscious) effort
to make the images coincide will silumtaneously induce eye fatigue

garlier than usual.

4 second no less striking phenomenon, which has received no
attention in the relevant literature as far as I know, should not
remaln unmentioned. If a disc made up of black and white sectors
is rotated just fast encugh in lamplight or shaded daylight to make
the black and white blend 1nto a homogeneous grey, this speed of
rotation will mo longer e sufficient in brighter illumination, e.g.
a magnesium light or bright daylight. This is not the place to - /U8M
delve into the causes of thils behavicor. The only point of interest T
for our present discussicn 1s the fact that precisely the same thing
occurs when the dise is observed at constant illumination in indirect
vision, as opposed to increased 1llumination in direct vision. If
the rotation rate 1s just sufficlent to cause blending into homogeneous
grey when the eye is fixed on the disc, a perceptible flickering will
be observed when the object 1s removed from the center of vision.
The greater the displacement of the image from the center, the greater

the flickering.

A disc rotates slowly 80 that it still flickers soméwhat;in
central fixation, the flickering will be enhanced in indlrect vision.
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It will seem as if the sectors, which ‘are seen almost individually,
move much more slowly than they actually do. Upon looklng back at
the disc, one will be astonished to see the dilse still rotating
rapidly, since it seemed almost to be standing still 1n indirect
vision.

At the outset, I suspected that the peculiar behavior of the
peripheral retina could be ascribed to abnormal excitation states
of my own eye, perhaps due to the numerous fatiguing experiments.
Therefore, I employed persons not trained in indirect vision for
same experiments. These people made precisely the same observations.
Some experiments with colored discs provided further confirmation.
In direct vision, a disc made up of ultramarine blue and orange sec-
tors became a homogeneous violet at a certain rate of rotation.
Nevertheless, in indirect vision, a distinct flickering could be
observed, and if the object was moved further from the center of the
field of vision, the orange and blue components could be separated.

In order to study this interesting effect more precisely, I
used a rotor consisting of a drum about 20 cm high rotating on a
vertiecal axis. The drum could bhe set in motion by a spring. A wind
vane regulated the speed of rotation. An automatic lever caused a é&gi
noise at each rotation, and this made it easy to count the rotations;
fractions of rotation could be read off a eircular scale. The drum
was covered with nonshiny black paper, on which were drawn 137 ver-
tical white lines 1 1/3 mm wide and 2 2/3 apart. The black of the
background corresponded to a sector ratio of 353 b + 7 w of the discs
described above. The grey produced by faster rotédtlon of the drum
was the same as a grey produced by a disc made up of 287 b + 82 w. A
simple calculation:shows that the brightness of the black background
was related to the white lines by the ratic 1:20.

In front of this drum, there was a black cardboard screen with
a square opening 3 1/2 cm on the side. Now, either the opening itself
or a point to one side was fixed, and the rate of rotaticn of the
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device adjusted until the part of the drum surface visible behind

the opening blended into a homogeneous grey.

In these expériments, in which Dr. Kilpe was good enough to
assist me, the foliowing procedﬁre was employéd: the eyé of the
observer was precisely 50 cm away from the opening, and was first
fixed upon the center of the opening; thén the device was rotated
fast enough to make the black and white stripes blend into a uni-
form grey. Once this had been done, the speed of the device was
determined using a chronometer. Now the eye of the observer was
fixed on a point a to one side of the opening, while the cbserver's
attention was still directed at the opening itself. The speed of
rotation had to be raised in order to obtain a homogeneous grey.
Even faster rotation was required when the eye was fixed upon a

point b even farther to one side etc.

In Table VIII, I give the results of two series of experilments
for the horizontal meridian of the right eye. It is obvious that /487
the speed of rotation had to be increased wlth increasing distance
of the object from the center of the field of vision. A higher degree
of accuracy cannot be attached to these experiments, since the even-
ness of the motion of the device left something‘po be deslred, and
since the blending of the black and white into grey did not go as
easily as with rotating dises. Even with very fast rotation, hori-
zontal strips were occasionally observed and these greatly interfered
with the certainty of the estimate.

We now inquire as to the explanation for this phenomenon. We
saw above that the rotation speed had to be raised when the illumina-
tion was intensified. The same thing ocecurs: when the object is dis~-
placed toward the periphery of the field of wvision, so that it seems
reasonable to conclude that both phenomena have the same cause, 1l.e.
that there is intensifled excitation of light-sensitive organs on
the periphery of the retina. In othér words: the perdipheral regions
of the retina are more light-sensitive than the central ones.
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TABLE VIII.

EXPERIMENT A
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Professor Wundt drew my attention to the fact that the distri-
bution of retinal elements might also play a role, so that the pre-
vious explanation might not be the only possible one for this phenom-

enon.
If a and b (Fig. 5) are two adjacent retinal ele-
o . } ments of the fovea céntralis, while‘gﬂand d are two
¢ Z | adjacent elements in the peripheral region, it is quife
true that when a black/white disc is rotated in front
of the eye, the black and white sectors will alternate
: -g | Just as often in a given timé at ¢ and 4 as at a and b.
As 1s well known, however, we interpolate sensations in
Fig. 5. interval between the two nerve elements. If the peints

¢ and d are twice as far apart as a and b, a black sec-
tor takes twice as long to get from ¢ to d; consequently, the region
between ¢ and d will retain the "black" sensation twice as long as
between a and b. Regarding interpolation, there are now three al- /488
ternatives. First, all the elements surrounding such a region can
be excited by white light, and in this case the interval is filled
in with the '"white" sensation; second} they are all excitéed by black,
so that the interpolated sensation is "black". Finally, some of the
retinal elements can be excited by black, and some by white. In this
case, the region is filled out with the mixed sensation "grey". Ob-
viocusly, at a gilven moment, in both the center and the perlphery, some
of the spaces will be filled out with black, others by white, and
the third group by grey, so that the retinal point 1involved could be
compared with checkerboard . with three different kinds of squares.
However, since these squares of the checkerboard are larger and change
more slowly in the peripheral regilonsg than in the center, it will be
harder to make them blend together, so that a higher speed of rotation
is required for these reglons.

Eaflier.(Fig. 3), it was shown that the drop in brightness of
the retinal image caused by the'diaphragmarrangement of the eye could
be represented by a curve similar to the cosine, while the line
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corresponding to the actual brightness sensitivity situation would
have to déeviate somewhat from the straight line. We are now in a
position to determine this line more prédisely, at least part of 1t,
on the basis of the experiments shown in the tables. In Fig. 6, PQ /489
is the curve of cbjective
! brightness of the retinal image.
§ - To construct PR, we use the
"~ values given in Table V, "left
eye, outward", as the ordinate.
|  Thus, PR represents the actual
brightness sensitivity. If we
now attempt to derive the curve
substituted for the actual sen-
sitivity curve {(which cannot be
Fig. 6. determined) by adding the or-
dinates of PR and PQ, we obtain

U U U

the curve P3, which is very close to a straight line. Even 1f one of
the other tables were used for this representation, the substituted
curve would be almost a straight line. For instance, see Fig. 7,
which is based on the sensitivity values given 1n Table IV.

We have now grasped that
the decrease in objectlve bright-

? ness of images toward the peri-
. | % phery of the retina caused by
U ' the physical nature of the di-
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| creased sensitivity of the re-

tinal periphery. In faet, the
Fig. 7 ' maximum brightness sensitivity
on thé horizontal meridian is
about 22 1/2-25° from center on the témple side, and about 5° fur-
ther out on the nasal side. On the horizontal meridian, the maxima /490"
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are about 12.5-15° from the center, arnd the sensitivity is considerably
lower, particularly on the lower half of the retina. Since I was

able to make a precise study ofily of my own eye,'thé‘ possibility
cannot be ruled out that the eyes of other pérsons wd1l have maxima

at different positions, elther because of original differences or
because of«differing adaptations. Indeed, as can be seen from the
projection in Fig. 5, my two eyes do not behave ildentically. On the
whole, most eyes should have similar propertiés.

This characteristic of our organ of sight, 1.e. that the posi-
tion of most acute vision is not the one most sensitive to light,
is by no means a detrimental arrangement. On the contrary, it can
be considered qulte advantageous and useful. It offers substantial
advantages for the eye's mechanism of motion; the enhanced sensi-
tivity of perilpheral areas resulfs in increased innervation of the
muscles of motion; therefore, relatively low lntensities are suffi-’
clent to stimulate the eye to move toward the direction involved.
The greatest relative motion stimulus will come from the polnts which
have the greatest sensitivity. When we are out in the open or in
front of a uniformly bright wall, and glance around freely, the eye
actually moves within an angle of 20-25° in the horizontal direction
and 10-15° in the vertiecal direction, or, combinations of the two.
These motions are the most approprilate ones under the prevailing con-
ditions. However, if we compel the eye to execute smaller or larger
motions for some time, this requires a considerable effort and causes
fatigue much more rapidly than usual; this occurs during proofreading
and in reading very small print. The fact that objects must move with
higher speed to blend in with their usurroundings in indirect vision
is of unmistakable value; 31t is precisely this property of our eye ﬁﬂgl
which makes it possible to detec¢t the motion of very small objects
at the outer limits of our field of vision. Therefore, only a very
small change in brightness ‘or an extremely small change in posifion
is required for indirectly vlewed objects to attract our attention
and to cause the'éye to move toward them.
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It is not the objective of this work to pursue the psychophy-
siological or physiological causés of this heightened sensitivity
of the retinal périphery. Allow me to‘méntion that someone else
has conjectured that the outer members of thé rods ought to be con-
sidered catoptric mechanisms. After discussing the function of ery-
stal rods in the lower animals, which visibly had the character of
refracting media, Wundt statéd that the retinal layers in the eyes
of vertebrates were arranged in opposite fashion; 1t was therefore
likely that the crystal rods or outer members had become catoptric
structures. "Once dioptric structures in the retina itself had be-
come superfluous through the complete development of the refracting
media in front of the retina, these structures could acquire a newr o
role;acting as mirrors, reflecting some of the light which had passed
through these visual cells back into them, and thus inftensifying
the process of visual stimulation™ [7].

These studies reported in this work provide considerable sup-
port for this view. It is well known that the outer gsegments vof
the rods are not developed to the same extent, so that their action
as catoptric instruments must be greater than that of outer segments
of the cones. However, the point of most acute vision has only cones
and no rods. Accordingly, the former are better suited for obtaining
a sharp image of distinct objects. The cones thin out toward the /492
periphery, and the more light-sensitive rods begin to appear. Since
both types, rods and cones, become less and less frequent toward the
periphery, there must be a zone between the center and the periphery
where the rods are densest. It would then be a problem in retinal
anatomy to determine whether and to what extent the polnts of maximum
rod density correspond to those of greatest brightness sensitivity.
Tt is very tempting to believe that it is precisely the rods which do
the job of compensating for the decrease in brightness toward the
periphery caused by the dioptric equipment of the eye and creating
the inerease in sensitivity which we have found to be so lmportant

and useful an.arrangement for indirect vislion and motion in the

human eye.
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Rods are less numercus or completély absent in the retinas of
birds, and this is further evidénce for the above view. In the eyes
of most birds, thé shape, position, and distribution of thé surface
picking up the images and of the pupil are quite different, so that
there is very little or no drop in objective intensity of images
toward the periphery, unlike the situation in the human eye. This
makes it unnecessary to compensate for this decrease in brightness,
and moreover, because of the lesser mobility of the avian eye, en-
hanced sensitivity of peripheral retina areas 1s less desirable than
in the human eye, it the catoptric instruments which we suspect the

rods to be are not required.

SUMMARY

1. Sensitivity to brightness is greater in the peripheral
regions of the retina than in the center.

2. This sensitivity is a maximum at a certain distance from
the center, which depends on the direction, and then slowly declines

further out.

3. The peripheral retina i1s more sensitive than the center /493
to rapid motion. In order to make the alternating sectors of a
rotating disc blend into one another, a higher rate of rotation is

required in indirect vislon than in direct vislon.

Y, These propertles of the eye seem very useful for vision,
and offer substantial advantages with respect to péﬁception of ob-
jects upon which the eye is not fixed and of motions occurring at the
boundaries of the field of wision.

5. It is very 1likely that the outer segments of the rods, acting
as catoptric instruments, bring about thls increased sensitivity of
the retinal periphery, which would alsoc explain the differentfdistri-

. _ 4
butions of rods and cones in the human retina. J
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ADDENDUM

This article had been compléted when a long treatim;bylﬁ._E.

fiir Physiologie [8]. Since this work also deals to considérable

extent with the sensitivity of the retinal periphery, it would be 2
good ldea for me to discuss Filck's results at this point.

It should first be mentioned that Flck's experiments almed at
determining the sensitivity of the retinal periphery differ funda-
mentally from mine in both method and scope. He attempted to deter-
mine the sensitivity of different points on the retina to intensities
very close to the absolute or qualitative stimulus threshold, specifi-
cally with an eye adapted a4s well as possible. My experiments, on
the other hand, were intended to discover the sensitivity of varilous
parts of the retina under gquite ordinary seeing conditions, i.e.
average illumination of both the objJects and the surroundings. Since /494
our investigations were conducted under quite different circumstances
our results are lncommensurable to a certain extent. The state of
complete, or virtually complete adaptation to darkness is not a
natural one for ocur organ of vision, but instead an artificially in-
duced state and quite exceptional. Like any other organ, the eye will
react to stimull in a very different manner under abnormal conditions,
g0 that inferences cannot be drawn with regard to the properties of
the retinal periphery under ordinary illumination conditions, based on
experiments with adapted retilnas.

Fick's results are further impaired hy the fact mentioned at the
outset of his article, namely that a completely stationary retina can
hardly be achieved and that maintaining the equilibrium state for the
duration of the experiment must appear impossible. Since it is very
dubious whether all retinal regions take the same time to reach com-
plete adaptation -- the adaptatlon curves constructed by Aubert and
Charpentier are in fact valld only for the cenfter of the retina --
it must be admitted that all eXpériménts almed at determining the
sensitivity of various parts of thé retina in compléte.equilibrium

cannot deliver altogether satisfactory results.
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It appears that Fick entirely ignored two facfors:

First, he makes no allowance for the fact, already cited by
Aubert in his physiology of the retlna a%d dlscussed in my work,
that retinal images on the perlphery are obaectively fainter than in
the center of the retina, because of the arrangement of the refracting
and screenlng systems in the eye. Fick's sensitivity values were al-
ready very high any way, and this factor increased them considerably.

Then in dealing with the -.question of whether separated or
adjacent points of the retina assist in the recognition of a certain
light intensity or quality, Flck fails to realize that the higher
sensitivity of the peripheral retina must play a major role. If it
were found that the sensitivity of the adapted retina 10-15° from the
fovea centralis was 2-3 times or even 10-20 times that of the center
of the retina, this would not mean that this substantial increase in
sensitivity took place all at once at a particular point, and one
must instead assume that the change was a continuous one, beginning
at the center. It would then have to be conceded, however, that
retinal images 32', 88' etec. in diameter, such as those used by Fick
would have to impinge on points of higher sensitivity than the center.
If 1t is now found that the intensity or color of a number of separate
objects is recognized more easily and accurately at a large viewing
angle, but under otherwise identical conditions, this does not mean
that this 1s the consequence of mutual assistance between various
points on the retina. Instead, it can be explained just as well by
the higher sensitivity of the parts of the retina attivated by a
large angle of incidence. In any case, Flck's experiments do not
refute Charpentier's hypotheses, since no allowance was made for the

increase in senslitivity toward the retinal periphery.

In veiw of these circumstances, it 1s also easy to explain why
the capacity for mutual assistance of separated parts of the retlna
will be found to be greater for colorless light than for colored light.
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As for Fick's measurements of the sensitivity of peripheral
parts of the retina, they cannot, A'as previously remarkéd, be
compared with miné. The sensitivity cof the'periphéral rétina found
by Fick for the adapted eye is so high that it is completely out of éﬂgﬁ
the question for the normal eye undér ordinary illumination conditions.
If,. under ordinary viewing conditions, the sensitivity of the peri-
pheral retina really was 2-3 or even 10-20 times that of the center
of the retina, thils enormous inequity would be very disturbing and
unpleasant even in ordinary use of the eyé. A uniformly illuminated
surface of moderate extent and brightness would have to appear blind-
ingly bright at its edges. However, nothing of the kind can be ob-
served. On the contrary, apart from compensation for the objective
brightness decerease of retinal images required by the optical con-
struction of the eye, the sensitivity of the retinal periphery de-
monstrated in this work surpasses that of the fovea centralis by
only a fraction, an amount which is still large enough to provide
various substantial benefits for indirect vision, namely the recog-
nition of faint objects and slight motions, while not large enough
to cause major disturbances to our eyes in the fulfillment of thelr

tasks.

The results of Fick's studies on the sensitivity of the retinal
periphery to light may perhaps be valid in the case of complete or
approximate equilibrium of the retina and for the use of very low
intensities near the stimulus threshold; nevertherless, they - ob-
viously possess no validity for the ordinary use of our organ of

vision.

The author attempts to reconcile the observation made at the
conclusion of Fick's work, namely that a frosted glass plate il-
luminated by blue light can sometimes appear reddish purple, with
the results of his studies on the sensitivity of the noncentral
retina to colorless and colored light. The peculiar properties of
blue glasses have also been found to be very disturbing at this
Institute for Experimental Psychology in various reséarch projects.
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In fact, the same observation applies to any pilece of cobalt glass
held in front of a flame, and to any hdr5é4carriage lantern. The
light scource always appears to;bé.surrounded by a deép reddish /497
purple border. This 1s not due tO‘thé differences in sensitivity

of the various retinal regions to the colors red and blue, but rather
to the differences in deflection éxpériénced by the two colors in

the refracting media of the éye. Red and blue (moré précisely,
violet) are the colors most wldely separated from one another in
refractibility. If beams of Just the two outer limits of refracti-
bility are shown through or reflected from a surface -- as 1s the
case, for instance, when reddish light from a petroleum or gas flame
shines through blue cobalft glass —- the red and blue beams are re-
fracted differently in the lens system of the eye, and since there are
no other colors to average things out, the image of the red light

no longer coincides with that of the blue. If one accommodates for
the red image, the blue image can sometlimes completely disappear if
the object subtends a very small angle. On the other hand, if one
accommodates for the blue image, the scattering circles of the red
image generate a purple border, which is often very little or not at
all inferior to the blue of the glass in satdration and intensity.

In indirect vision, this phenomenon is less evident, namely because
the sensitivity to red in indirect vision is lower and accommodation
igs less accurate than in the center of the retina and its immediate

vicinity.
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